Introduction
The Global Vaccine Action Plan 2011-2020 (GVAP) is a framework endorsed by the World Health Assembly to improve health by, ''Extending the full benefits of immunization to all people, regardless of where they are born, who they are, or where they live." [1] In March 2018, the World Health Organization (WHO), the National Institute of Allergy and Infectious Diseases (NIAID), part of the U.S. National Institutes of Health (NIH), and the Bill & Melinda Gates Foundation (BMGF) convened leading scientists, vaccine developers, and public health officials from around the world for the third Global Vaccine and Immunization Research Forum (GVIRF), held in Bangkok, Thailand. As with previous meetings, this GVIRF tracked progress in the GVAP's research and devel-opment agenda, identified opportunities and challenges in meeting GVAP goals, and promoted partnerships in vaccine research [2, 3] .
While progress in the GVAP research and development agenda has been strong, many other important GVAP targets have not been met. In particular, global coverage with basic vaccines has improved very little since 2010, leaving an estimated 19.9 million children unreached or incompletely vaccinated in 2017 [4] [5] [6] . In response to these gaps, this GVIRF featured two overarching themes, ''Innovating for Equity" and ''End-to-End Integration." This report summarizes the forum discussions; presentations and other materials from the 2018 GVIRF can be found at http://www.who.int/immunization/research/forums_and_initiatives/gvirf/forum_2018/en/.
Innovating for equity
As presented at GVIRF, innovation is widespread along the immunization value chain. Progress is being made in advancing priority vaccines and enabling technologies, developing approaches to improve immunization coverage and impact, and building capacity for innovation, particularly in middle-and lowincome countries.
Priority vaccines

Human immunodeficiency virus
Two pivotal HIV vaccine efficacy trials are underway and expected to provide efficacy signals around 2020. First, in a follow-on from the RV144 clinical trial in Thailand that demonstrated safety and modest efficacy for an HIV preventive vaccine [7] , the HVTN702 trial is testing an ALVAC-C prime with an ALVAC-C+ bivalent envelope (gp120 env) protein/MF59 boost (clinicaltrials.gov, NCT02968849). About half of the target population of 5400 adults have been enrolled in South Africa as of February 2018. Second, the HVTN705 trial, which is using an Ad26 vector prime with an Ad26+ gp140 env protein boost, is aiming for global cross-clade protection (NCT03060629). This study will enroll 2600 women in six African countries. Based on recent recommendations in high-risk populations, all participants are offered the state-ofthe-art HIV risk reduction method, pre-exposure prophylaxis [8, 9] . Additional studies evaluating different adjuvants and priming regimens are running in parallel to inform clinical development. HIV immunization strategies will pose delivery challenges because they will target high-risk adult populations that are not routinely vaccinated and require complex vaccination regimens: GVIRF participants noted that implementation research will be crucial to efficiently protecting these populations.
Tuberculosis
The pipeline of TB vaccines includes subunit protein-, viral vector-, whole-cell inactivated-and live-attenuated candidates [10, 11] . A recent study in adolescents tested two approaches: H4:IC31 vaccine (a recombinant fusion protein with IC31 adjuvant) and bacille Calmette-Guerin (BCG) re-vaccination (NCT02075203). Early analysis showed that both were well-tolerated. While neither vaccine showed statistical significance in preventing initial infection, BCG re-vaccination demonstrated a statistically significant 45.4% reduction of sustained infection and H4:IC31 gave a statistically significant 30.5% reduction of sustained infection [12] . These results are informing further TB vaccine product development and may support identification of correlates of protection. Studies of additional vaccine candidates are expected to generate efficacy data in 2018. (Since this meeting, results have been published showing that the recombinant M72/AS01 vaccine was significantly protective against tuberculosis disease [13] ). Priorities for TB vaccine research include developing a controlled human infection model and understanding how alternative clinical endpoints such as prevention of infection, disease, recurrence, or reinfection can be used to inform disease control strategies.
Malaria
Having received a positive scientific opinion from the European Medicines Agency (EMA), the first malaria vaccine, RTS,S, (GSK, MosquiRix Ò ) will be deployed in pilot studies in Ghana, Kenya, and Malawi beginning in 2019. These studies are assessing the operational feasibility, safety, and impact of RTS,S and will yield results in 2022, informing WHO recommendations for use and funding decisions [14] . While RTS,S is predicted to have substantial health impact [15] , GVIRF participants observed that there remains a need for malaria vaccines with high and durable efficacy that are effective against both Plasmodium falciparum and Plasmodium vivax, that can interrupt transmission, and that are suitable for use in older children and adults (including pregnant women). Many of these gaps are being addressed through a diverse pipeline that includes monoclonal antibodies as well as vaccines that target parasites in pre-erythrocytic stages, asexual blood stage, and sexual stages [16] .
Influenza
Cross-protective, ''universal" influenza vaccines would transform both seasonal influenza prevention and pandemic response, as annual revaccination would no longer be necessary and doses could be stockpiled for rapid deployment in the event of a pandemic. Multiple candidates targeting conserved regions of the hemagglutinin protein are in clinical development [17] . To facilitate development of a universal influenza vaccine, NIAID has established a definition for universal influenza vaccines, described a strategic plan and a research agenda for vaccine development, and is providing technical assistance for influenza vaccine research [18] . Under this definition, a universal influenza vaccine would be at least 75% efficacious against symptomatic influenza infection, protect against both group I and II influenza A viruses for at least one year, and be suitable for all age groups.
Enabling approaches
Immunology
New in vitro technologies for human immunology research and vaccine evaluation described at GVIRF include mass cytometry (CyTOF), which allows simultaneous analysis of 30-50 markers at single-cell resolution; single-cell T-cell receptor (TCR) sequencing combined with Grouping of Lymphocyte Interactions by Paratope Hotspots (GLIPH), to identify convergence groups of TCRs and discover ligands or antigens for future vaccine design [19, 20] ; and the MIMIC Ò system, which uses human peripheral blood mononuclear cells to simulate innate and adaptive immune responses in an in vitro model of the human immune system intended to provide clinically relevant information much earlier in the development process. MIMIC is now being used to identify malaria peptides with strong CD4+ T-cell response profiles for consideration in a novel malaria vaccine [21, 22] . It is expected that these and other immunological tools will contribute to a better understanding of protective immunity and to accelerated development and approval of new vaccines.
Vaccine vectors
Among the many available vaccine vectors in development, two were highlighted at the conference: cytomegalovirus (CMV)-based vectors and Plasmid Launched Live-Attenuated Vaccines (PLLAV). CMV-based vector vaccines elicit and maintain high frequency ''effector memory" T-cell responses in mucosal sites, lymphoid tissues, and parenchymal organs of nonhuman primates. Because they efficiently re-infect and persist despite robust anti-CMV immunity, CMV-based vectors can be used repeatedly to induce responses against successive antigens [23] . A highly attenuated human CMV-vectored HIV vaccine is now in cGMP manufacturing and slated for clinical testing in 2019. PLLAV are E. coli-produced DNA vaccines that upon administration replicate in mammalian cells, assemble into virus particles, and infect and are amplified by surrounding cells. They can function as a live-attenuated yellow fever vaccine, as demonstrated by proof-of-concept studies in small animals and non-human primates. This approach has the potential to serve as a platform technology for other targets, including pathogens of epidemic potential such as Lassa fever virus.
Human challenge models
Controlled human infection models (CHIMs) can accelerate vaccine development for diseases in which the infectious agent and its clinical course are appropriately understood, and where the CHIMs are safe and give consistent rates of infection. As described at GVIRF, CHIMs have been used to study pathogenesis, assess correlates of protection, and provide efficacy data for cholera and typhoid vaccine licensure, and down-select among enterotoxogenic E. coli (ETEC) vaccine candidates. Development of CHIMs for some diseases has been challenging due to complexity in infectious agents and host-pathogen interactions, variable infection rates, and complex disease profiles. Participants called for: greater standardization of CHIMs; guidelines for CHIM studies used to support licensure; focus on end-user populations, for example through CHIM sites in endemic areas; and application of advanced immunology in CHIMs to identify correlates of protection.
Monoclonal antibodies
Equine and human antibodies have been used for over a century to provide passive immunity; now monoclonal antibodies (mAbs) offer the potential for safer and more effective passive immunization. GVIRF presenters described progress in developing mAbs for prophylaxis and treatment of multiple diseases. For rabies, the first prophylactic mAb (Serum Institute of India, Rabishield), has been approved in India. To facilitate broader licensure and use of rabies mAbs, the U.S. Food & Drug Administration (FDA) is clarifying regulatory considerations, and WHO is evaluating policy recommendations. For HIV, the Antibody Mediated Prevention studies are testing a broadly neutralizing HIV-1 mAb, VRC01 (e.g. NCT02411539). These studies are expected to provide results in the 2020 timeframe. For respiratory syncytial virus (RSV), a prophylactic mAb that requires monthly administration (AstraZeneca, palivizumab) has been on the market for over a decade. A Phase 2B study of an extended half-life RSV prefusion F-protein mAb in healthy preterm infants is nearing completion with results expected in 2018 (NCT02878330). If successful, this product would be more affordable than the existing mAb and require only a single administration. For influenza, broadly protective mAbs have applications in the treatment of severe influenza, prevention of infection when vaccination is not feasible (such as early during a pandemic), and for vaccine antigen discovery. The influenza mAb pipeline includes candidates with confirmed effects on virus shedding when administered post-challenge in CHIMs [24] .
For impact in low-income countries, mAbs must be affordable and available in sufficient supply. Antibody engineering is being used to improve potency, pharmacokinetics, and productivity to meet challenging target product profiles. Computational analysis is identifying mAbs predicted to have improved thermostability and other characteristics that support development. Alternative hosts and novel expression systems are reducing production costs. GVIRF participants commented that robust regulatory guidance and a WHO prequalification pathway will be essential to facilitate licensure, use, and impact of mAbs.
Research and development for emerging infectious diseases
In response to the 2014 West African Ebola outbreak, the WHO R&D Blueprint for Action to Prevent Epidemics was launched in May 2016 to accelerate research and development for vaccines, treatments, and diagnostics for epidemic prevention and response. As of 2018, the diseases prioritized under the Blueprint are Crimean-Congo haemorrhagic fever, Ebola virus disease, Marburg virus disease, Lassa fever, Middle East Respiratory Syndrome, Severe Acute Respiratory Syndrome, Nipah and henipaviral diseases, Rift Valley fever, Zika, and ''Disease X", which refers to an emerging pathogen yet to be identified that may cause epidemic human disease in the future. Under the Blueprint, roadmaps and target product profiles are being developed; current versions of these documents are available on the WHO website [25] [26] [27] . Norms and standards tailored to the epidemic context are being formulated, including approaches to regulatory pathways and ethical issues, clinical trial design, data and sample sharing, and capacity building. These roadmaps and guidelines should reduce the time between the start of an outbreak and the testing of candidate interventions.
Delivery
Implementation research
As highlighted by keynote speaker Dr. Alejandro Cravioto, implementation research, delivery innovations, national immunization program strengthening, and strong overall health systems are essential to ensure all children receive the vaccines they need. Addressing inequities in access to vaccines requires innovation to find the children who are missed, to understand and address the reasons they are un-or under-vaccinated, and to make products more robust and easier to deliver.
Adding to the promise and the challenge of immunization are new target populations such as adolescents and new vaccines with complex regimens that will be difficult to deliver, especially in low-resource settings. Implementation research will be required to inform policy decisions and to guide delivery, as demonstrated by the malaria vaccine pilot studies [14] . Because such studies are large and expensive to conduct, a new paradigm is needed in which implementation research is an integral part of vaccine development. This new paradigm is crucial to realizing the full benefits of immunization.
Mission Indradhanush
India's Mission Indradhanush (MI) was launched in 2014 to improve immunization coverage in children and pregnant women. It ultimately reached 528 districts across 35 states and union territories, strengthening immunization through a multi-dimensional approach that combined capacity building, detailed planning, measurement and accountability, and use of information technology to find and reach the unreached. With political support at the highest levels, MI helped increase the proportion of fully immunized infants in India from 65% in 2014 to 78% in 2017. Its successor, Intensified Mission Indradhanush, is aiming to fully immunize 90% of Indian infants in 2018 [28] .
Social media outreach
Innovative programs are using social media to target underserved populations and address vaccine hesitancy. In Suzhou, China, a New Citizen Transaction Center is registering migratory children, and a public service account on the WeChat social media app is being used to schedule vaccination appointments, send reminders, and disseminate information. In the Ukraine, group chats with health professionals are being organized in parent communities to address concerns about vaccination. GVIRF participants observed that technology and social media have enormous potential to improve social mobilization and vaccine acceptance [29, 30] .
Human papillomavirus vaccine
The human papillomavirus (HPV) vaccine experience has shown that country-driven operational research and implementation science are needed to achieve high coverage in non-infant populations. Most countries conducting HPV demonstration projects have implemented school-based programs targeting adolescent girls, and many have also provided the vaccine through health facilities to reach girls who are not in the formal school system. GVIRF participants noted that school-based programs could provide a platform for delivery of additional services to adolescents but must be complemented by programs targeting the 263 million children who are out of school. To facilitate high coverage, social mobilization is needed to increase awareness and reduce vaccine hesitancy [24, 25] .
Maternal immunization
Immunization in pregnancy is a well-established approach to preventing disease in mothers and infants. WHO recommends influenza and tetanus vaccines in pregnancy; additional vaccines are recommended in specific situations, such as disease outbreaks. Vaccines are also in development for maternal immunization to protect infants from RSV and Group B Streptococcus (GBS). Programs immunizing pregnant women against tetanus have shown that multiple delivery approaches may be needed to reach the most vulnerable populations, and that issues of service quality and vaccine hesitancy must be addressed. GVIRF participants commented that operational research will be needed to efficiently deliver new maternal immunization vaccines and that introducing new vaccines for pregnant women will create opportunities to strengthen antenatal care. Any introduction must be supported by robust monitoring for poor pregnancy outcomes and adverse events following immunization, whether related or unrelated to the vaccine. The risk of a false attribution of poor outcomes to new products must be addressed, including by proactively educating communities about the frequency of poor pregnancy outcomes in the absence of vaccination.
System capacity
Regulatory authorities
Capacity for vaccine evaluation is crucial, particularly in public health emergencies. Regulatory decision-making in low-and middle-income countries is being strengthened through regulatory training exercises, joint evaluations, and initiatives such as the Developing Countries Vaccine Regulators Network and the African Vaccine Regulatory Forum. Challenges remain, especially when human efficacy studies are not ethical or feasible. The EMA and U.S. FDA have implemented alternative regulatory pathways to facilitate the evaluation, licensure, and use of new vaccines, including those for emerging infectious diseases. Other national regulatory authorities (NRAs) have similar, but not necessarily equivalent, programs. To streamline regulatory processes, the International Council for Harmonisation and WHO are engaged in regulatory harmonization and convergence to align requirements, technical guidance, and procedures. GVIRF participants emphasized the importance of reliance mechanisms, whereby highcapacity NRAs provide assistance to NRAs in other countries. WHO is developing guidance for countries on implementing these mechanisms.
Developing-country vaccine manufacturers
Developing-country vaccine manufacturers (DCVMs) are now supplying vaccines for~84% of the world's birth cohort annually, and 64 of the 147 WHO-prequalified vaccines are manufactured by DCVMs. Yet the low-and lower-middle-income countries they serve together account for only 12% of global vaccine revenues [31] . Meanwhile, DCVMs are under intense pressure to supply quality product at the lowest possible price. For example, UNICEF is now procuring DTP-HepB-Hib vaccine at less than $0.80 per dose, a price that may be unsustainable for some manufacturers [32] . GVIRF participants emphasized that access to affordable vaccines requires prices that are sustainable for manufacturers in the long term.
Mature DCVMs have gone beyond relying on partners for technology transfer to supporting in-house development of new products. To ensure sustained commercial viability, they require a robust business case for each product. Business risks include: long development timelines and regulatory complexities that extend time to market; lack of demand predictability, which leads to poor capacity utilization and high fixed costs; diverse procurement mechanisms; pressure for unsustainably low prices; and regional markets where it can be difficult to achieve economies of scale. Patent restrictions can also create barriers for DCVMs [33] . Participants observed that national governments and regional bodies can contribute by: strengthening national regulatory authorities; providing incentives and direct investments; fostering a supportive business environment; improving the intellectual property landscape; and building a highly skilled workforce.
Research capacity in India
Keynote speaker Dr. Maharaj Kishan Bhan described how a developing country can achieve not only independence in biomanufacturing, but also significant export streams. India's vaccinology effort has helped to transform its biotechnology research landscape: ten years ago, Indian vaccine companies were struggling with the basics. Today, vaccine manufacturers have developed and launched new combination vaccines and new vaccines against diseases such as Japanese encephalitis, meningitis A, rotavirus, influenza, typhoid, and cholera, and are managing robust product development pipelines. India's vaccine sector now aspires to contribute significantly to scientific knowledge, to drive innovation, and to increase impact through science and biotechnology.
In parallel, an institutional framework designed to foster innovation and support translation is taking shape, with an emphasis on evidence-based decision making and empowering industry to contribute to the economy and the public good. Through this evolution, the key lesson has been that innovation and high quality require global cooperation as well as funding. The Indo-U.S. Vaccine Action Program, a collaboration that supports a spectrum of activities relating to vaccines and immunization, shows the power of cooperation. The program helped to develop India's first indigenous rotavirus vaccine and is supporting new vaccines against dengue, malaria, TB and other diseases [34] . With such collaborations have emerged opportunities to learn from global leaders in vaccinology, a global mindset, and global ambitions for India's vaccine industry.
End-to-end integration
The second overarching theme of GVIRF reflected the ongoing shift from siloed approaches to an integrated end-to-end perspective that considers how a new vaccine will be deployed as part of a comprehensive disease control strategy.
Evolving disease control strategies
Polio
Three decades after the 1988 World Health Assembly resolution to eradicate polio, the disease remains endemic in just three countries: Pakistan, Afghanistan and Nigeria [35] . Vaccines have been the mainstay of polio eradication, but the current vaccines have limitations as well as benefits. Oral poliovirus vaccines (OPV) contain live-attenuated viruses derived from the three types of wild poliovirus (WPV). These vaccines give individual protection against paralytic polio and block transmission of the virus. Rarely, the attenuated vaccine strains can give rise to circulating vaccinederived polioviruses (cVDPV), which resemble WPV in transmissibility and virulence. Of the three vaccine strains, the type 2 vaccine strain is the leading cause of cVDPV. In contrast, inactivated poliovirus vaccines (IPV) confer individual protection against all three types of poliovirus but do not block poliovirus transmission. As a result, in countries with a high risk of polio importation or transmission, OPV remains the primary tool for polio eradication [36] .
These properties of OPV and IPV add complexity to polio eradication, as illustrated by the ''OPV switch." In 2015, type 2 WPV was declared eradicated, creating an opportunity to halt use of the type 2 OPV strain. Accordingly, from April 17 to May 1, 2016, 155 countries representing approximately 130 million annual births switched from using trivalent OPV (tOPV) to a bivalent OPV without the type 2 vaccine. To reduce the risk of type 2 cVDPV emerging just as population immunity began to decline, the switch was made in synchrony in minimal time and included the destruction of tOPV stocks. In addition, inactivated polio vaccine (IPV) was introduced into the routine immunization schedules to limit the risks of an immunity gap to type 2 poliovirus [35, 37, 38] . Since the switch, the number of countries detecting type 2 cVDPV has decreased by 83% [39] ; it is, however, still causing outbreaks, particularly in areas with low vaccine coverage. Many of these strains arose before the switch, but some are likely to have originated from monovalent type 2 OPV used to contain outbreaks and others may have arisen from inadvertent use of tOPV.
To facilitate polio eradication, efforts are underway to develop improved IPVs that confer mucosal immunity and safer oral vaccines using genetically stable approaches or non-infectious viruslike particles. If successful, these new products will address the persistent risk of vaccine-derived poliovirus.
Pneumococcus
Pneumococcal conjugate vaccines (PCVs) have been introduced in 134 countries, averting an estimated 250,000 pneumococcal deaths globally from 2000 to 2015 [40] . Limited serotype replacement has been observed: non-vaccine-type invasive pneumococcal disease (IPD) has increased after PCV introduction, but increases are small compared to the impact against vaccine-type disease. Overall, PCV gives a sustained net decline in IPD [41] . GVIRF participants described two future directions in pneumococcal vaccination. The first optimizes the number of doses and their schedule to improve sustainability without sacrificing impact. Current data suggest that a two-dose primary series followed by a booster dose may provide better herd protection than the WHO-recommended three-dose primary series, and that a single primary immunization followed by a booster dose may be sufficient to maintain herd immunity. Additional studies are underway to evaluate alternative dosing regimens [42] [43] [44] . The second targets new vaccines that expand protection and prevent serotype replacement. Candidates in development include higher valency PCVs that address additional serotypes and protein or whole-cell vaccines that could have broad efficacy against all serotypes [45] .
Rotavirus
Rotavirus vaccines are in use in about half of all countries. There are now seven licensed rotavirus vaccines, of which four have received WHO pre-qualification. Their efficacy among children under five years of age is inversely related to the under-five mortality rate: these vaccines reduced rotavirus acute gastroenteritis hospitalizations and emergency department visits by 71% in countries with low child mortality and by 46% in countries with high child mortality. Significant reductions in hospitalizations have also been observed for non-vaccinated children in some settings, providing evidence for herd protection [46] . GVIRF participants emphasized the importance of understanding how the gut environment influences responses to rotavirus vaccines, to improve vaccine performance. Non-replicating injectable vaccines, which may have better performance in all settings, are in development as an alternative approach to improving efficacy in countries with high child mortality [45] .
Pandemic influenza
Because existing systems and tools are inadequate to address the threat of an influenza pandemic, coordinated global efforts are underway to improve pandemic preparedness. The WHO Pandemic Influenza Risk Management guideline recommends that countries implement a risk-based and integrated approach to pandemic influenza preparedness [47] . More than half of countries, however, do not have publicly available national preparedness plans, and many existing plans are outdated or incomplete.
In the event of a pandemic there are multiple challenges to an effective response, including the significant delay between the start of the pandemic and the first availability of vaccine, and limited global vaccine manufacturing capacity. To address delays in vaccine availability, universal influenza vaccines are in development as described above. To address the capacity shortage and ensure national and regional supplies, several developing countries have been partnering with WHO to build domestic influenza vaccine manufacturing capacity; six have achieved approval or conducted clinical trials of pandemic influenza vaccines. Notably, Thailand is now developing and manufacturing influenza vaccines and is building an influenza vaccine-manufacturing facility that will have a capacity to produce 60 million doses of an adjuvanted monovalent pandemic vaccine each year [48] .
New vaccines
Pipeline overviews
The Global Observatory on Health Research and Development and the WHO Vaccine Pipeline Tracker show a substantial vaccine development pipeline. Vaccines account for about half of the candidates tracked in the Global Observatory, and WHO estimates that 11 novel vaccines could be licensed by 2023. Pipeline reports summarizing vaccine research and development are available on the WHO website [45, 49, 50] .
Full public health value propositions
GVIRF participants observed that, given limited resources, competing priorities, and alternative interventions for treatment or prevention, value propositions for new vaccines are an increasingly important decision tool. Full Public Health Value Propositions (FPHVPs) are intended to facilitate evidence-based decisions on vaccine investments. They help funders, manufacturers, and countries set priorities by describing the role of a new vaccine in the context of an overall disease-control strategy, providing an end-to-end review of evidence, and presenting a comprehensive analysis of the value of a vaccine. FPHVPs go beyond the customary perspective of direct individual health benefits and attempt to capture the full economic and societal benefits of vaccination. To prevent a lag between licensure and uptake, they identify evidence gaps that must be addressed, such as operational research needs for products with complex delivery requirements [51] . FPHVPs are being developed for vaccine targets such as GBS, ETEC, and herpes simplex virus, and additional FPHVPs are being considered.
Respiratory syncytial virus
As presented at GVIRF, the RSV research and development pipeline is robust. Three approaches are being pursued for protection of neonates and infants: maternal immunization during pregnancy; infant immunization shortly after birth; and passive immunization with mAbs. Interim efficacy results for the most advanced maternal vaccine candidate were reported after the GVIRF conference (39% against medically significant RSV lower respiratory tract infection (97.5% confidence interval: À1% to 64%)) [62] . Infant immunization strategies are in earlier phase studies. Improved mAbs for passive immunization are under development as described above. As these products approach licensure, policy considerations such as the minimum acceptable efficacy, the effects of seasonality, the impact of concurrent conditions such as HIV infection on effectiveness of maternal immunization, and the delivery capacity of health systems must be addressed.
Human hookworm
More than 470 million people globally are currently infected with hookworm, which causes anemia, malnutrition, physical and developmental delays, and substantial productivity losses [52, 53] . In a Phase 1 trial, a human hookworm vaccine has been found to be safe, well tolerated, and immunogenic [54] . A Phase 2 trial is underway using a controlled human hookworm infection model (NCT03172975). In parallel, market research and financial modeling of costs and benefits are being conducted to develop an integrated business case for hookworm vaccines.
Hepatitis C virus
Hepatitis C virus (HCV) prevalence is 71 million infections globally, causing significant mortality from liver disease and cancer. Current hepatitis C control strategies focus on improving injection safety, diagnosis, and access to treatment. The leading HCV vaccine approach uses a heterologous prime-boost strategy to elicit cellmediated effector immune responses. This candidate is being evaluated for safety and immunogenicity in a Phase 1/2 clinical trial, with data expected in 2018 (NCT01436357). While vaccines have the potential to transform hepatitis control, given the availability of effective treatments a strong value proposition for an HCV vaccine must still be established [55] .
Antimicrobial resistance
Vaccines for frequently drug-resistant pathogens can prevent infections, reduce antimicrobial use, promote antibiotic stewardship, and limit the emergence and spread of antimicrobial resistance (AMR) [56] [57] [58] . Ongoing activities aligned with the U.S. National Action Plan for Combating Antibiotic-Resistant Bacteria are expanding funding opportunities for vaccines targeting antimicrobial-resistant pathogens and highlighting the value of vaccines in addressing AMR. As presented at GVIRF, new vaccines targeting Pseudomonas, Staphylococcus aureus, and uropathogenic E. coli are in development to prevent human diseases that drive antibiotic use [59] [60] [61] . Participants observed that identifying and reaching the appropriate target populations for such vaccines may be challenging, especially given the low coverage achieved for well-established vaccines such as influenza.
While progress is being made in vaccines to combat AMR, GVIRF participants cautioned that awareness and acceptance of this approach remains a challenge and called on one another to: define and communicate the value of vaccines to combat AMR; identify populations who would benefit most; and consider affordability and accessibility in low-and middle-income countries.
Conclusions
Every two years, GVIRF takes stock of global research in vaccines and immunization. The 2018 GVIRF highlighted the power of vaccines to improve health and enable progress, and showcased the energy and creativity of immunization stakeholders worldwide. Polio is nearing eradication, demonstrating the power of a well-coordinated global effort. Pneumococcal and rotavirus vaccines have proven their value in preventing pneumonia and diarrhea, the two leading causes of child mortality, and the focus is now on improving efficacy and cost-effectiveness. Countries such as India and Thailand are making strides in their capacity to develop, manufacture and regulate vaccines; this progress was reflected by the strong participation by regional stakeholders. For the first time at GVIRF, the discussion of advances in vaccine delivery focused on health systems innovations rather than delivery devices, reflecting the end-to-end perspective needed to achieve the full potential of immunization.
Significant challenges persist, however. High efficacy HIV, TB, and malaria vaccines remain difficult targets: participants called for a greater diversity of ideas and more innovative pipelines. Prices for certain vaccines have become unsustainably low, diminishing the incentives for developers and manufacturers to enter and remain in the market. Even as new vaccines are developed and launched, nearly 20 million children still lack access to vaccines that have been available for many years. Innovation is urgently needed to improve access to vaccines and primary health care even as packages of interventions continue to expand. GVIRF participants highlighted two factors as crucial to meeting this need: a focus on equity and sustainability throughout the immunization ecosystem, and an enabling political environment that prioritizes health and immunization.
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